In females, menopause, the cessation of menstrual cycling, is associated with an increase in risk for several diseases such as cardiovascular disease, osteoporosis, diabetes, the metabolic syndrome, and ovarian cancer. The majority of women enter menopause via a gradual reduction of ovarian function over several years (perimenopause) and retain residual ovarian tissue. The VCD mouse model of menopause (ovarian failure in rodents) is a follicle-deplete, ovary-intact animal that more closely approximates the natural human progression through perimenopause and into the postmenopausal stage of life. In this review, we present the physiological parameters of how to use the VCD model and explore the VCD model and its application into the study of postmenopausal disease mechanisms, focusing on recent murine studies of diabetic kidney disease, the metabolic syndrome, and hypertension.
Menopause has been associated with a variety of health risks in women. These include increases in cardiovascular disease, the metabolic syndrome, osteoporosis, Alzheimer's disease, and ovarian cancer (1, 25, 29) . It is estimated that, by the year 2025, 19 .5% of the population of the U.S. will be menopausalaged women (33) . Currently, with the average age of menopause at 51 and a life expectancy of ϳ80, the average woman could live 30% of her life in a postmenopausal state (2) . Studies have found that the risk factors for postmenopausal diseases begin to develop during perimenopause, the 5-to 10-yr period preceding the onset of menopause (7, 12) . Therefore, the study of the perimenopausal period may lead to new understanding of preventive therapies for postmenopausal health risks (30) . However, the lack of an adequate animal model, one that includes a progressive transition from perimenopause into menopause, has hindered studies on how hormonal changes impact disease onset and has hindered identification of the mechanisms that can be targeted to reduce disease severity after menopause. Lack of a model has also prevented studies into how the timing of hormone replacement (HT) can influence disease outcomes.
Ovarian Function, Perimenopause, and Menopause
The ovary is the primary site of female sex steroid hormone production, including estrogens and progestins. At birth, the mammalian ovary contains its full complement of oocyte-containing follicles.
Oocytes cannot be generated after birth, thus the number of primordial follicles represents a finite source of germ cells for ovulation. Successful ovulation requires appropriate follicular development, during which the follicle passes through a number of distinct developmental stages (8) (FIGURE 1). The most immature stage of follicular development is termed "primordial," and the vast majority of these follicles do not develop to ovulation but undergo cell death by atresia. Follicular atresia occurs continuously in the ovary from birth until the supply of follicles is depleted. Once the ovary is depleted of primordial follicles, ovarian failure (menopause) ensues.
The 5-10 years preceeding menopause is termed perimenopause and is characterized by irregular cycle lengths and fluctuating levels of estrogen, with extended periods of low estrogen interspersed with periods of high estrogen, until circulating levels of 17␤-estradiol drop to continuously low levels at menopause (23) . However, the residual ovarian tissue maintains its capacity to secrete androgens following menopause (27) .
VCD Mouse Model of Menopause
The occupational chemical 4-vinylcyclohexene diepoxide (VCD) causes the loss of ovarian small follicles (primary and primordial) in mice and rats by accelerating the natural process of atresia (FIGURE 1), and can be used to mimic human menopause in rodent models of disease (26) . 1 The VCD mouse model of menopause is a follicle-deplete, ovary-intact animal that closely approximates the natural human progression through perimenopause and into the postmenopausal stage of life. Because the majority of women enter menopause by a gradual reduction of ovarian function and retain residual ovarian tissue, the progressive transition to a follicle-deplete, ovary-intact animal more closely approximates the natural human progression through the events leading up to (perimenopause) and into the postmenopausal stage of life than an ovariectomized (OVX) animal (the current laboratory animal most widely used for menopause-related studies).
The VCD mouse model of menopause requires repeated daily injections of VCD (160 mg·kg Ϫ1 ·day Ϫ1 in sesame oil, ip) to cause selective loss of primordial and primary follicles in the ovary (FIGURE 1) via the direct inhibition of autophosphorylation of the survival receptor c-kit, located on the plasma membrane of the oocyte (11) . Within 15 days after the cessation of daily dosing, VCD has depleted all primordial follicles. During this time frame of impending ovarian failure, there is an increase in cycle length, estrogen levels fluctuate until they reach very low levels, and FSH levels increase as the inhibitory effects of estrogen are removed, thus mimicking perimenopause in humans.
Cyclicity studies (daily vaginal cytology) have shown that, when B6C3F1 female mice are dosed for 10 consecutive days, menopause occurs by approximately day 135 after the onset of dosing (FIGURE 2A) . Varying the duration of VCD dosing allows for the length of the perimenopausal period to be manipulated. When mice are dosed with VCD for 20 consecutive days, the onset of menopause can be accelerated to day 52 (FIGURE 2B). This allows the investigator to optimize the length of perimenopause for each individual study. Once each animal has demonstrated 10 days of persistent diestrus (measured via daily vaginal cytology), ovarian failure (menopause) is termed complete. Menopause is accompanied by a concomitant expedition in the rise of FSH levels (10, 13) . Histological analysis confirms that ovaries are follicle deplete at this stage (FIGURE 3) (13).
Physiological Benefits of Using the VCD Model of Menopause
There are several physiological advantages to using the VCD model for the study of sex differences. The 1 The VCD model of menopause has recently been termed the accelerated ovarian failure (AOF) model. These are the same animal model.
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Luteinizing Luteinizing FIGURE 1. Ovarian follicular development and VCD action on primordial and primary follicular populations
The basic unit of the mammalian ovary is the ovarian follicle, containing an oocyte surrounded by somatic cells. The immature follicle is called the primordial and is surrounded by a single layer of squamous granulosa cells. The follicle goes through several stages of development: primordial to primary (now contains a layer of cuboidal granulosa cells); primary to secondary (granulosa cell layer proliferates, and the theca interna cells form); and secondary to pre-ovulatory (antrum develops). The pre-ovulatory follicle is responsible for production of 17␤-estradiol. 4-Vinylcyclohexene diepoxide (VCD) is used to induce menopause since it specifically targets primordial and primary follicles, depleting the ovary of these follicle populations via accelerated atresia. The remaining secondary and antral follicles are reduced in number during progressive cycles until the ovary is follicle deplete. The remaining ovarian tissue contains tissue that continues to produce androgens.
first of these is the retention of residual ovarian tissue. Despite the loss of estrogen-producing follicles, the remaining theca cells in the ovary of a VCDtreated mouse continue to secrete androgens, demonstrating that the androgenic capacity of the ovary in the VCD model is retained, similar to ovary-intact women (FIGURE 4, A AND B) (18) . During the perimenopause transition, ovarian hormone production is gradually decreased, and FSH and LH levels rise accordingly and remain elevated after ovarian failure (Table 1 ) (10, 13) . This is in contrast to the abrupt depletion of estrogen in an OVX animal. An additional benefit of the VCD model is the presence of the aforementioned perimenopause phase, allowing investigators to evaluate the impact of impending menopause on disease mechanisms. The VCD model can be used in animals with normal or altered genotypes and can be induced at any age, allowing the separation of aging mechanisms from those associated with ovarian failure. This latter point is an important consideration when discussing the use of aged rodents to study human menopause. Humans can spend nearly 40% of their life span in peri-and post- menopausal states. Rodents, however, often do not become acyclic or have low estrogen (menopause) until 18 -24 mo of age (variable between mouse strains), at which time they are termed "old" and do not mimic the physiology of a 50-to 60-yr-old woman undergoing menopause.
Specificity of VCD for Ovarian Follicles: Lack of Tissue Toxicity
The best evidence that daily dosing of mice and rats with VCD does not produce generalized toxicity or effects in other tissues comes from studies conducted by the National Toxicology Program (NTP, 1989) . In an extensive 2-yr-long study investigating potential toxic and carcinogenic effects of VCD, B6C3F1 mice were exposed dermally to VCD for a period of 103 wk, and adverse effects were limited to the reproductive tract. These effects related to the development of ovarian neoplasms at high doses. In generating the menopause model, the lowest total animal exposure necessary to induce ovarian failure is considerably less (by 980-fold) than that observed to induce any toxic or carcinogenic effects in the NTP study. Extensive histopathological evaluation was performed on of a number of tissues 6 mo after daily dosing (15 days, 160 mg·kg Ϫ1 ·day Ϫ1 VCD), and no pathological effects were seen in uteri, kidneys, adrenals, spleen, liver, lung, heart, brain, intestine, or pituitary tissues (31) . Furthermore, several studies have shown convincing evidence that VCD directly targets the primordial and primary follicles of the ovary, leading to follicular atresia. At the ultrastructural level, VCD-induced follicle loss is identical to natural atresia, with no evidence of necrotic changes (14) . The results of these studies demonstrate the lack of toxicity to non-ovarian tissue and point to the utility of using this model to study the mechanisms underlying postmenopausal disease pathology.
Use of the VCD Mouse Model to Study Postmenopausal Disease
Postmenopausal Diabetic Kidney Disease and the Metabolic Syndrome
A woman's risk of insulin resistance and metabolic syndrome increases after menopause, correlating with an increase in circulating triglycerides and low-density lipoproteins, and a decrease in highdensity lipoproteins. HT has been associated with beneficial effects on glycemic control in women with Type 2 diabetes (5). The incidence of kidney disease in women is lower than in men in the same age group, and the loss of ovarian hormones is thought to accelerate kidney damage. The VCD model of menopause has been used to examine the impact of menopause on the onset and progression of diabetic kidney disease and the metabolic syndrome (4, 9) . First, to examine the impact of menopause on the progression of diabetic kidney disease, we used streptozotocin (STZ) (model of Type 1 diabetes, hyperglycemia) to induce diabetes in VCD-treated animals during perimenopause or 2 wk after the onset of menopause. Induction of diabetes during menopause resulted in higher blood glucose levels relative to cycling diabetic and perimenopausal diabetic mice (9) . Diabetic kidney disease was evaluated, and renal proliferation and hypertrophy were significantly increased in menopausal diabetic females compared with cycling diabetic females. Gene array studies were used to identify genes associated with the accelerated progression of diabetic kidney disease after meno- pause, and the expression of genes associated with inflammation and proliferation were significantly increased in the kidneys of menopausal diabetic mice compared with cycling diabetic mice (4). These studies provided evidence that the VCD model of menopause could be utilized to evaluate the impact of hormone levels on hyperglycemia and the onset of diabetic kidney disease.
In male mice, the metabolic syndrome can be induced by feeding a high-fat diet for 1 mo; however, studies in our laboratory have suggested that cycling female mice are resistant to high-fat dietinduced diabetes. To examine the impact of hormone loss on the metabolic syndrome, we fed cycling and VCD-treated menopausal mice a highfat diet for 12-16 wk (23). Cycling female mice on a high-fat diet (58% fat) for 12 wk did not develop insulin resistance or high fasting blood glucose. In contrast, menopausal mice on the high-fat diet demonstrated a more rapid weight gain, higher fasting insulin levels, and greater insulin resistance (FIGURE 5, A AND B) . Interestingly, after 16 wk, even menopausal mice fed a standard chow diet exhibited elevated free fatty acid levels. In a separate cohort of mice also fed a standard chow, insulin resistance and increased fasting blood glucose were apparent after 26 wk of menopause and could be prevented by estrogen replacement (19) .
Exercise is known to be protective against the development of diabetes and the metabolic syndrome. Therefore, the VCD model has also been used to assess the ability of menopause to influence physical activity and the response to exercise in female mice (3, 6, 16) . In young female mice, wheel-running distance was similar between control animals and VCD-treated animals with or without 17-␤ estradiol treatment (6). 
FIGURE 5. Effect of ovarian status on glucose tolerance and ANG II-induced hypertension
A: ovarian failure causes impaired glucose tolerance after 12 wk on a high-fat diet. Intraperitoneal glucose tolerance tests (IPGTT) were performed in all groups after 12 wk on a high-fat (58%) or standard diet (6%). Glucose tolerance curves were plotted, and areas under the glucose clearance (AUCg) were calculated (n ϭ 3 in each group). Results are expressed as means Ϯ SE. *P Ͻ 0.05 vs. control cycling mice on a standard diet or cycling mice on a high-fat diet. B: effect of ovarian status on diet-induced insulin resistance. However, using the VCD model, several beneficial estrogenic effects on muscle function were identified. Soleus muscle concentric, isometric, and eccentric in vitro forces were greater in menopausal mice that received 17␤-estradiol treatment. In a separate study, voluntary and forced treadmill running capacity was assessed in female B6C3F1 and C57BL/6 mice after VCD induction of menopause. All groups demonstrated similar voluntary and forced treadmill running capacity, and menopause did not affect exercise-induced cardiac hypertrophy. However, changes were identified in cellular cardiac adaptation to exercise, specifically to downstream AMPK signaling, in VCD-treated menopausal mice (16) .
These data confirmed that the VCD model of menopause can be utilized to model the postmenopausal changes in diabetic kidney damage that occur in humans and can be used to further improve our understanding of how menopause impacts the onset of the metabolic syndrome. Future studies could utilize the VCD model to determine the extent to which pharmacological and/or lifestyle interventions during the perimenopause period protect females from diabetic complications.
Postmenopausal Hypertension and Cardiovascular Disease
In addition to diabetic kidney disease and the metabolic syndrome, premenopausal women are also protected from hypertension and stroke. However, after menopause, the incidence and severity of heart disease increases substantially (15) . Early observational studies of the effects of hormone therapy (HT) to reduce disease risk in postmenopausal women supported protective effects of estrogen on coronary heart disease (CHD) (21) . As a result, HT usage in women increased during the last half of the 20th Century. In 1991, a randomized controlled study was designed by the NIH, the Women's Health Initiative (WHI), and enrolled ϳ100,000 women, ages 50 -79 yr, making it the largest study of postmenopausal women in the U.S. In 2002, results from this study were published and reported an overall increase in total cardiovascular disease, with an odds ratio relative risk (RR) of 1.22 in women taking combined HT (conjugated equine estrogen and progestin), relative to placebo controls (20) . These risks were assessed on the basis of increased coronary heart disease, stroke, and pulmonary embolism. However, other end points, such as the incidence of breast cancer, were also evaluated. Although the WHI was designed to evaluate cardiovascular risks, this study was halted 5.2 years early due to an increased incidence of breast cancer (RR 1.26) in women taking HT. Subsequent analyses of the data from this study sorted subjects into age groups and found that, relative to controls, women in the HT group who had recently gone through menopause (age 50 -59, RR 0.93) trended toward a reduced risk for CHD, whereas older women who had been in menopause for a longer period of time (age 70 -79) were at greater risk (RR 1.26) (22) . These observations have led to the generation of the "timing hypothesis," which proposes that estrogen replacement instituted close to menopause is protective from CHD, while that instituted at a later time poses substantial risk for CHD (21) .
In the WHI study, 37.8% of women included in the study were hypertensive. Of those with hypertension, 64% percent reported using anti-hypertensive medications. However, only a small percentage of these women had their blood pressure under control (36.1%, overall average), with responsiveness worsening with increasing age (28) . Hypertensive women who were taking monotherapies of a ␤-blocker, an ACE inhibitor, or a calciumchannel blocker were less likely to have their blood pressure under control than women who took a diuretic alone. Yet, the reasons for these discrepancies in disease pathology between pre-and postmenopausal women, as well as the reduced effectiveness of the major anti-hypertensive therapeutics, remain unclear.
Experimentally, significant sex differences are known to exist in a number of animal models of hypertension, including angiotensin II (ANG II)-induced hypertension. Several studies have shown that, compared with males, female mice are resistant to ANG II-induced increases in blood pressure and that this protection is lost in OVX females (reviewed in Ref. 32) . To determine whether the VCD model of menopause is useful for the study of how hypertension progresses across the peri-to postmenopausal transition, we infused ANG II into VCD-treated mice during either perimenopause or menopause. Similar to control mice (cycling), ANG II did not elicit an increase in mean arterial pressure when infused during perimenopause (FIGURE 5C). However, this protection was lost after ovarian failure, as blood pressure increased significantly in VCD-treated menopausal mice. 17␤-Estradiol treatment prevented this increase in blood pressure (FIGURE 5D) (17) . These results confirm the utility of the VCD model of menopause to study the mechanisms of hypertension in menopausal females and further demonstrate the vital role that female sex hormones play in regulating disease pathogenesis.
These results become increasingly important when considering the notion that the previously described WHI findings have resulted in a precipitous decline in women using HT for health benefits after menopause. As a result, a recent report estimated that, between 2002 and 2011, since the dramatic decline in HT use, there have been 18,601-90,610 premature deaths in women of ages 50 -59 with hysterectomy (who have presumably not used HT) (24) . The authors concluded that a failure to adequately interpret findings of the HT studies during this time interval may have "cost thousands of lives." Consequently, there remains an ongoing controversy about the advisability of menopausal women taking estrogen. Further research is needed into the delivery method of HT (oral vs. subcutaneous), and into the source and purity of the estrogen used for HT in women. The WHI study administered conjugated equine estrogen, which contains estrogens that are not endogenous to the human body. Additional studies utilizing the VCD model of menopause could determine the time points and underlying mechanisms driving the increased disease pathogenesis in women after menopause.
Summary
Collectively, the studies outlined here demonstrate that VCD-induced ovarian failure can provide a valuable approach to assess a variety of physiological end points related to human menopause. We suggest that the gradual progression into menopause and the presence of follicle-deplete residual ovarian tissue contributes to a hormonal milieu more closely resembling natural menopause in women. In summary, the VCD-treated animal has proven useful for modeling physiological processes involved in the increased health risks associated with peri-and postmenopause, and highlights the benefit of using the VCD animal model for menopause-related studies. Ⅲ
